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Abstract

Estimates of daily gross primary production (GPP) and annual net primary production (NPP) at the 1 km spatial resolution are now produced
operationally for the global terrestrial surface using imagery from the MODIS (Moderate Resolution Imaging Spectroradiometer) sensor.
Ecosystem-level measurements of GPP at eddy covariance flux towers and plot-level measurements of NPP over the surrounding landscape offer
opportunities for validating the MODIS NPP and GPP products, but these flux measurements must be scaled over areas on the order of 25 km2 to
make effective comparisons to the MODIS products. Here, we report results for such comparisons at 9 sites varying widely in biome type and land
use. The sites included arctic tundra, boreal forest, temperate hardwood forest, temperate conifer forest, tropical rain forest, tallgrass prairie, desert
grassland, and cropland. The ground-based NPP and GPP surfaces were generated by application of the Biome-BGC carbon cycle process model
in a spatially-distributed mode. Model inputs of land cover and leaf area index were derived from Landsat data. The MODIS NPP and GPP
products showed no overall bias. They tended to be overestimates at low productivity sites — often because of artificially high values of MODIS
FPAR (fraction of photosynthetically active radiation absorbed by the canopy), a critical input to the MODIS GPP algorithm. In contrast, the
MODIS products tended to be underestimates in high productivity sites — often a function of relatively low values for vegetation light use
efficiency in the MODIS GPP algorithm. A global network of sites where both NPP and GPP are measured and scaled over the local landscape is
needed to more comprehensively validate the MODIS NPP and GPP products and to potentially calibrate the MODIS NPP/GPP algorithm
parameters.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A standard suite of global products characterizing vegetation
cover, leaf area index, gross primary production (GPP), and net
primary production (NPP) at the 1 km spatial resolution is now
being produced operationally based on observations from the
MODIS (Moderate Resolution Imaging Spectroradiometer)
sensor (Justice et al., 2002; Running et al., 2004). The GPP
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product has an 8-day temporal resolution and is intended for
monitoring seasonal and spatial patterns in photosynthetic
activity. MODIS NPP is an annual value and provides a means
of evaluating spatial patterns in productivity as well as
interannual variation and long term trends in biosphere behavior
(e.g. driven by climate variation or change, Nemani et al., 2003).
Validation of these products is an essential step in establishing
their utility; however, validation is challenging because of a
variety of scaling issues (Morisette et al., 2002; Turner et al.,
2004). These issues include matching the 1-km resolution of the
MODIS products with plot-scale measurements on the ground
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Table 1
Location, vegetation type, climate descriptors, and related publication for the 9
BigFoot sites

Code Vegetation Location Precipitationa

(cm)
MATb

(°C)
Related
publication

NOBS Boreal
forest

Lat:
55.885260

52 −3.2 Goulden et al.,
1997

Lon:
−98.477268

HARV Hardwood
forest

Lat:
42.528513

11 8.3 Wofsy et al.,
1993

Lon:
−72.172907

CHEQ Mixed
forest

Lat:
45.945404

75 5.3 Davis et al.,
2003

Lon:
−90.272475

METL Conifer
forest

Lat:
44.450722

4 7.7 Anthoni et al.,
2002

Lon:
−121.572812

TAPA Tropical
moist
forest

Lat:
−2.869745

159 26.4 Saleska et al.,
2003

Lon:
−54.949355

TUND Arctic
tundra

Lat:
71.271908

5 −10.9 Kwon et al., in
press

Lon:
−156.613307

SEVI Desert
grassland

Lat:
34.350858

3 13.6 Kurc and
Small, 2004

Lon:
−106.689897

KONZ Tallgrass
prairie

Lat:
39.089073

87 12.8 Ham and
Knapp, 1998

Lon:
−96.571398

AGRO Corn/
soybean

Lat:
40.006658

99 11.2 Meyers and
Hollinger,
2004Lon:

−88.291535
a Annual precipitation (multiple year average).
b Mean annual temperature (multiple year average).
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(Cohen et al., 2003a; Turner et al., 2003a, 2004, 2005). The
BigFoot Project (2005) was designed to address many of these
scaling issues, and here we report on comparisons of BigFoot
and MODIS-based GPP and NPP at 9 sites representing a range
of biome types.

Validation of the MODIS GPP product has generally taken
the form of time series comparisons between GPP estimated
from eddy covariance flux tower data and GPP fromMODIS for
one or more 1-km2 cells surrounding the tower (Heinsch et al.,
in press; Turner et al., 2003a, 2005; Xiao et al., 2004). These
studies have found a wide range of site-specific agreement or
disagreement between the ground-based and MODIS-based
GPP estimates. Specific causes of over- or underprediction of
GPP in the MODIS product have been traced to MODIS GPP
algorithm inputs, including the climate input data, the FPAR
(fraction of incoming photosynthetically active radiation that is
absorbed by the canopy), and the base rate for light use
efficiency. Site-level validation of MODIS NPP has been more
limited because of the logistical constraints of measuring NPP
and scaling it to the size of a MODIS grid cell (Turner et al.,
2004, 2005). These efforts have likewise found site-specific
differences in the degree of agreement between ground-based
and MODIS-based NPP estimates. The MODIS NPP algorithm
requires the computation of autotrophic respiration (Ra) based
on inputs of leaf area index (LAI) and temperature, along with
look-up table values for allometric constants and the base rate of
respiration (Running et al. 2000). Specific problems with the Ra

component of NPP have been identified in some cases (Turner
et al., 2005).

This paper will present NPP/GPP validation results from the
complete set of BigFoot sites. Biome types include boreal
forest, temperate coniferous forest, temperate hardwood forest,
and tropical moist forest, as well as arctic tundra, temperate
grassland, desert grassland, and agricultural fields. A virtue of
the BigFoot approach is that a common NPP/GPP scaling
protocol based on Landsat data was employed across these
widely divergent sites, thus increasing the possibilities for
analysis of cross-site patterns. One value of taking a synoptic
view of MODIS product performance is that it may reveal
possible biases that could be addressed in future releases of the
MODIS products or in the design of planned follow-up projects
associated with Earth System monitoring.

2. Methods

2.1. Overview

At each of the nine BigFoot sites, digital maps (25 km2) of
land cover, LAI, daily GPP, and annual NPP were developed for
one or more years using a combination of imagery from the
Landsat Enhanced Thematic Mapper+ (ETM+) sensor and
ground measurements (LAI, NPP, GPP). The scaling approach
for NPP and GPP was based on spatially-distributed application
of a carbon cycle process model (Biome-BGC) over a 25 m grid
covering the study area. An eddy covariance flux tower was
maintained at each site and it provided meteorological data for
input to Biome-BGC and estimates of GPP for comparison with
BigFoot GPP. The BigFoot NPP and GPP products were
aggregated spatially (i.e. averaging across 25 m cells) to match
the 1-km resolution of the MODIS products. GPP was also
aggregated temporally to 8-day averages to match the temporal
resolution of the MODIS GPP products. Earlier BigFoot papers
covered the BigFoot NPP/GPP protocols and site-specific
BigFoot/MODIS comparisons (Turner et al., 2003a, 2005, in
press). Results at the individual sites (Table 1) are available
from the Oak Ridge National Laboratory Distributed Data
Archive Center (ORNL, 2005). A file for each site contains the
information and comparisons in Table 2.

2.2. MODIS NPP/GPP products

The MODIS NPP/GPP algorithm is described in Running et
al. (2004) and Heinsch et al. (2003). A simple light use
efficiency model (MOD17) is at the core of the GPP component
of the algorithm and it requires daily inputs of incoming



Table 2
Contents of site-specific BigFoot NPP/GPP summary files available at
ORNL (2005)

1. BigFoot land cover map
2. BigFoot leaf area index (LAI) map
3. BigFoot LAI seasonal trajectory for dominant cover type
4. Tower meteorological data
5. BigFoot net primary production (NPP) map
6. Comparison of BigFoot and flux tower gross primary production (GPP)
7. Comparison (time series) of MODIS and BigFoot GPP
8. Comparison of MODIS and BigFoot NPP (bar graph)
9. Comparison of MODIS and BigFoot GPP (bar graph)
10. Comparison of DAO and flux tower meteorological data.
11. Comparison of MODIS and BigFoot FPAR
12. Comparison of MODIS and BigFoot LAI
13. Comparison of MODIS and BigFoot daily light use efficiency
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photosynthetically active radiation (PAR), minimum tempera-
ture over the 24 h period, and daytime average vapor pressure
deficit. These meteorological data are provided by the NASA
Data Assimilation Office (DAO) based on a general circulation
model that is continuously assimilating observations from space
and ground stations. Additional MOD17 inputs include FPAR
(multiplied by PAR to get absorbed PAR), and LAI (used to
estimate biomass for the purposes of estimating Ra), which are
both standard MODIS products.

Since MODIS was placed in orbit in 1999 there have been
multiple updates or “Collections” of the MODIS land products.
Here we use Collection 4.5 for the period 2000–2004, produced
at the University of Montana. It reflects improvements over
Collection 4 in the FPAR and climate inputs to MOD17 (Zhao et
al., 2005). Collection 4.5 was also used in the validation study
of Heinsch et al. (in press).

2.3. BigFoot NPP/GPP products

The approach to developing the BigFoot NPP and GPP
products has been described previously (Turner et al., 2003a,
2005) and is briefly summarized here. Nine sites were chosen
using the criteria that an eddy covariance flux tower is operating
(required for meteorological data) and that the sites represent a
wide range of biome types (Fig. 1). At each site, a 5×5 km
study area was established in the vicinity of the flux tower. A set
TUND 

METL 

SEVI 

KONZ 

AGRO 
TAPA 

CHEQ 

HARV 

NOBS 

Fig. 1. Location of the 9 BigFoot sites. Site abbreviations are specified in Table 1.
of 100 sample points was then selected. For 50 of the sample
points, the distribution followed a cyclic sampling design in the
1 km2 cell containing the flux tower (Berterretche et al., 2005;
Burrows et al., 2002). The other 50 were distributed according
to a stratified random design (AGRO, HARV, NOBS) or based
on the criteria of sampling the spectral variation in the Landsat
data. At all sample points, LAI was measured seasonally using
the LAI-2000 or clipping (Campbell et al., 1999; Gower et al.,
1999). At 50 of the sample points (a logistical constraint),
aboveground NPP (ANPP) was measured using standard
biome-specific approaches (Campbell et al., 1999; Gower
et al., 1999). Belowground NPP was estimated based on the
literature survey of Gower et al. (1999). The field measurements
were made for a duration between one and three years depend-
ing on the site.

Biome-BGC (Kimball et al., 2000; Running & Hunt, 1993)
was then applied in a spatially-distributed mode (i.e. cell-by-cell
over a grid) at a 25 m resolution over the 25 km2 study area.
Model inputs included land cover type, daily LAI, and daily
meteorological data (PAR, precipitation, minimum temperature,
maximum temperature, and vapor pressure deficit). The land
cover surfaces (Cohen et al., 2003a) and mid-growing season
LAI surfaces were derived from Landsat ETM+ imagery
(Cohen et al., 2003a,b, in press). Multiple images were acquired
for each year that field measurements were made at a given site.
The seasonal trajectory for the LAI was from observations of
above and below canopy PAR (Wythers et al., 2003), downward
looking radiometers, or repeated observations. The meteoro-
logical measurements were made at the flux towers (see
references in Table 1).

The ecophysiological parameters for the Biome-BGC model
were cover-type specific and generally fromWhite et al. (2000).
Two model parameters (foliar carbon to nitrogen ratio and
fraction of foliar nitrogen as rubisco) were calibrated using the
observed NPPs. Modeled GPP was compared to tower GPP
over the area within 0.5 km radius of the flux tower (an
approximation of the tower footprint). Tower GPP was
estimated from half-hourly net ecosystem exchange (NEE)
Fig. 2. Comparison of BigFoot and flux tower annual GPP at 9 sites. BigFoot
values are means for all 25 m cells within a 0.5 km radius of the flux tower. Site
abbreviations are listed in Table 1.



Fig. 3. Comparison of BigFoot and MODIS GPP estimates at 9 sites. Values are
means for 25 1-km2 MODIS cells +/− the standard deviations.
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values (Goulden et al., 1996; Turner et al., 2003b) using Eq. (1)
during daylight hours.

GPP ¼ NEE−Re ð1Þ
where Re = ecosystem respiration. Re is derived from the air or
soil temperature and the relationship of nighttime NEE to air or
soil temperature during periods of adequate turbulence.
2.4. MODIS/BigFoot comparisons

The BigFoot products were developed in the Universal
Transverse Mercator (UTM) coordinate system and were
reprojected to the native Sinusoidal Projection of the MODIS
products for comparison (Cohen et al., 2003a). The BigFoot
NPP/GPP data were then averaged over each 1 km2 MODIS
cell. These averages included zeros for nonvegetated grid cells.
The BigFoot GPP data were also averaged over the 8 day bin
periods associated with the MODIS GPP products. The year of
comparison was site specific depending on when the BigFoot
field measurements were made and flux tower meteorological
observations were available (AGRO, KONZ, and CHEQ in
2000, TAPA in 2004, all others in 2002).

Besides the direct comparison of MODIS and ground-based
NPP/GPP, several key components of the MODIS GPP
algorithm were examined. The interpolated meteorological
Fig. 4. Time series comparison of FPAR from BigFoot and MODIS at three sites (K
MODIS cells. Bins follow the 8-day temporal resolution of the MODIS FPAR produ
BigFoot sites.
data from DAO were compared for the full 365 days with
meteorological observations from the flux tower. FPAR values
used in generating the MODIS NPP/GPP were compared with
FPAR values derived from the BigFoot prescribed LAIs. The
conversion of the prescribed LAIs to FPAR used a simple
Beer's Law approach (Jarvis & Leverenz, 1983).

FPAR ¼ 1−
�
eðLAI

⁎ð−KÞÞ
�

ð2Þ

where K is the canopy light extinction coefficient (also an
ecophysiological parameter in Biome-BGC). K values were
assumed to be 0.58 for broadleaf forests and 0.50 for all other
vegetation types (Jarvis & Leverenz, 1983). The ground-based
FPAR values were averaged temporally to get 8-day mean
values over each 1 km2 that could be compared directly to the
MODIS values.

Lastly, the daily light use efficiency (εg) values fromMODIS
and BigFoot were also compared. εg is a key variable in the
MODIS GPP algorithm and is calculated at the quotient of GPP
(in gC) and the PAR absorbed by the canopy (APAR in MJ).
The MODIS daily εg was generated by running the MOD17
NPP/GPP algorithm (Running et al., 2000) at the tower cell with
standard inputs from the MODIS data stream. For the BigFoot
values, daily εg was calculated as modeled GPP divided by
modeled APAR. All 25 m cells in the 1 km2 MODIS cell that
included the flux tower were spatially averaged for the
comparison with MODIS εg.

3. Results

BigFoot annual GPP averaged over the 25 km2 sites ranged
from 115 to 3000 gC m−2 yr−1. The site-specific comparison
with GPP from the tower measurements showed generally
good agreement (within 20%) across the sites except at CHEQ
and METL (Fig. 2). At the CHEQ site, the tower GPP was
derived from instrumentation at multiple heights above the
ground (30, 122, 396 m), thus probably integrating over a
much larger area than the 0.5 km radius footprint assumed in
the BigFoot GPP (Davis et al., 2003). A large area of grassland
at the base of the tower contributed to the low BigFoot GPP
estimate. At METL, the BigFoot GPP did not show as strong
of a decrease in GPP late in the growing season (probably
associated with soil drought) as did the tower observations
(Turner et al., 2005).
ONZ, CHEQ, TAPA). Values are means and standard deviations for 25 1-km2

ct. See Turner et al. (2005) or ORNL (2005) for comparable figures at the other



Fig. 5. Time series (daily) of light use efficiency for gross primary production (εg) for BigFoot and MODIS products at the MODIS cell occupied by the flux tower
(KONZ, CHEQ, TAPA). See Turner et al. (2005) or ORNL (2005) for comparable figures at the other BigFoot sites.
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The calibration procedure used in developing the BigFoot
products reduced bias in mean NPP between measured and
simulated values to less than 5% of the measured mean NPP for
all combinations of cover type by site. The ratio of root mean
square error (RMSE) to the mean of the measured NPPs ranged
from 0.13 to 0.53 (mean ratio of 0.26) across all cover types and
sites. The lowest RMSE to mean ratio was at the agricultural
site, where productivity closely tracked LAI. The highest ratio
was at the arctic tundra site (TUND) where mean NPP was very
low.

The comparisons of annual GPP from BigFoot and MODIS
(Fig. 3) showed close agreement at 2 forested sites, overesti-
mation at 2 forested sites, and large underestimation at 1
forested site (TAPA). A principal driving factor in the
overestimates was high FPAR relative to the BigFoot FPAR
(e.g. CHEQ, Fig. 4). Relatively high FPARs also helped account
for overestimations of GPP at two nonforest sites, TUND and
SEVI. The KONZ and AGRO sites had large underpredictions
of GPP, mostly related to a low value for the maximum light use
efficiency parameter in the MODIS algorithm relative to the
BigFoot estimates (e.g. KONZ, Fig. 5).

The comparison of MODIS and BigFoot NPP products had a
similar pattern to that for GPP (Fig. 6). The ratio of NPP to GPP
in the BigFoot products ranged from a low of 0.3 at NOBS to a
high of 0.6 at TUND (Fig. 7), within the reported range of 0.25 to
0.65 in the literature (Amthor, 2000). The MODIS NPP:GPP
ranged from 0.35 at HARV to 0.8 at SEVI andwas overestimated
Fig. 6. Comparison of BigFoot and MODIS NPP estimates at 9 sites. Values are
means and standard deviations for 25 1-km2 MODIS cells.
as often as underestimated. The unusually high value at SEVI
was primarily a function of overestimating GPP rather than
underestimating Ra (Turner et al., 2005). NPP:GPPs for the two
conifer-dominated sites were almost twice as high in theMODIS
estimates compared to the BigFoot estimates and those
differences contributed significantly to the overestimation of
NPP by MODIS at those sites.

The spatial heterogeneity in the BigFoot GPP and NPP
products was generally similar to or greater than that in the
MODIS products (Figs. 3 and 6). Variability in the BigFoot
products was even greater at the 25 m resolution because the
Landsat data captured a wider array of vegetation types and
more of the extremes in LAI. In the case of the agricultural site
(AGRO), another contribution to the greater variability in the
BigFoot products was that the large difference in light use
efficiency between corn and soybeans was accounted for,
something the MODIS product could not do because landcover
was all classified as cropland (Cohen et al., 2003a; Turner et al.,
2002). The one case where variability in the MODIS product
was relatively high was at the tropical rain forest site (TAPA).
That site was generally quite homogeneous, but problems with
cloud effects on FPAR and LAI estimates introduced artificial
variation into the MODIS products (Cohen et al., in press).

Of the three meteorological variables used in the MOD17
algorithm, PAR is most important because MOD17 is a light use
efficiency model. Except for the most climatologically extreme
Fig. 7. Comparison of BigFoot and MODIS NPP to GPP ratio estimates at 9
sites. Values are for the 25 km2 study area.



Fig. 8. Comparisons between flux tower and NASA Data Assimilation Office meteorological data for three sites (KONZ, CHEQ, TAPA). See Turner et al. (2005) or
ORNL (2005) for comparable figures at the other BigFoot sites.
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sites (TAPA and TUND), the DAO PARwas usually close to the
observations (Fig. 8). At TUND, the DAO PAR estimates had a
low bias at the high end of the PAR range, a period when plant
growth is near its seasonal maximum rate. Note however, that
getting PAR correct would have aggravated the GPP overes-
timation. At TAPA, there was little relationship between DAO
and tower PAR estimates, probably because of problems with
accounting for recurrent cloudiness in the DAO PAR estimates.
The only consistent bias in the VPD comparison was at SEVI
where the DAO VPD was consistently lower than the tower
observations. At SEVI, higher VPDs would have decreased the
MODIS GPP, bringing it into closer agreement with the ground
measurements.

Maximum FPAR showed good agreement in most cases
(Fig. 4). As noted, the apparent overestimates at SEVI, METL,
and CHEQ contributed to the high MODIS GPP estimates at
those sites. The MODIS FPAR trajectories usually showed
strong seasonality, but there was increase in advance of the
beginning of the growing season (HARV, TUND, AGRO) or
delay of the end of the growing season (AGRO, KONZ, CHEQ)
at some sites. These discrepancies did not contribute notably to
explaining the differences between BigFoot and MODIS in
annual NPP and GPP.

Lastly, the time series comparisons of LUE showed a general
tendency for the MODIS algorithm to underestimate daily LUE
(Fig. 5). This underestimation was most apparent at the AGRO
site where BigFoot LUE and tower-based LUE were about 3
times the MODIS estimate (Turner et al., 2003b, 2005). A
consistently greater day-to-day variation in the BigFoot LUE is
also apparent across sites. The pattern occurs because LUE is
independent of PAR in MOD17 whereas in the Biome-BGC
model used in the BigFoot estimates has an asymptotic
relationship of GPP to PAR, hence LUE is highest under
overcast conditions and decreases under clear sky conditions.

4. Discussion

4.1. Cross-site patterns in NPP/GPP comparisons

The BigFoot approach to scaling NPP and GPP over a 25 km2

area served to integrate site-level measurements of meteorolog-
ical data, NPP, GPP, land cover, and LAI. Any discrepancy, as at
METL where tower GPP was greater than BigFoot GPP, should
be considered in the BigFoot/MODIS comparisons. At METL,
theMODISGPPwas considerably higher than both BigFoot and
tower GPP, so the conclusion that MODIS GPP was over-
estimated is probably still warranted. Such alternative validation
approaches, i.e. simply checkingMODIS GPP over 25 km2 with
tower GPP (Heinsch et al., in press) and checking MODIS NPP
against plot level measurements made for the most part in years
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prior to the MODIS era (Zhao et al., 2005, 2006), are adequate
for a first order evaluation of the MODIS products but are
strongly complemented by the BigFoot approach at selected
sites.

For both NPP and GPP, there was not an overall bias in the
MODISproducts: asmany siteswere underestimated relative to the
BigFoot products aswere overestimated. To some degree that helps
explain why the global NPP estimate fromMODIS (∼55 Pg yr−1,
Running et al., 2004; Zhao et al., 2005) is close to the canonical
60 PgC yr−1 estimated from the areas of different biomes and their
representative mean NPP values (Saugier et al., 2001).

There was a trend in the MODIS products towards
overestimation of NPP and GPP at low productivity sites and
underestimation at high productivity sites. A similar pattern is
seen for GPP comparisons over 15 flux tower sites by Heinsch et
al. (in press) and for NPP comparisons outside the tropical zone
in Zhao et al. (2005). Specific problems with the DAO
meteorological data and errors in land cover classification
have been treated in Heinsch et al. (in press) and Zhao et al.
(2005, 2006). Generally, however, the overestimation appears to
be primarily a problem with high MODIS FPARs, both mid-
growing season maxima and high values outside the growing
season (see below). The underestimations are primarily a
function of low values for the maximum light use efficiency
(see below). In some cases (e.g. at HARV), there were
counteracting errors such that high FPARs compensated for
low LUE values resulting in close agreement of MODIS and
BigFoot GPP on an annual basis (Turner et al., 2003a).

The cases of poor agreement between BigFoot and MODIS
products with respect to NPP:GPP can be traced to differences in
either GPP or Ra. At SEVI, the Ra estimates agreed, but as noted
the SEVI GPP was too high because of high FPARs. For
grasslands globally, the NPP/GPPwas 0.65 (Zhao et al., 2005), so
this may be a general phenomenon for that cover type. At the
boreal forest site (NOBS), NPP:GPP was 0.6 relative to the
BigFoot estimate of 0.3, and relative to a previous estimate of
0.25 for that site based on chamber measurements and scaling of
Ra from biomass and temperature (Ryan et al., 1997). A possible
explanation for the low Ra estimate fromMOD17 is that the base
rate ofRa (gC gC−1 h−1 at a reference temperature) is not adjusted
upwards as a function of decreasing mean annual temperature as
has been suggested by a variety of ecophysiological studies (e.g.
Larigauderie & Korner, 1995). Ecosystem process models are
increasingly incorporating simple temperature dependent algo-
rithms for adjusting the base rate orQ10 values in their calculation
ofRa (Wythers et al., 2005), an innovation that could be especially
beneficial in global scale applications.

The MODIS Ra estimate is also strongly influenced by the
MODIS LAI product. In MOD17, the MODIS LAI is converted
to total plant biomass by reference to multiple allometric
variables (Running et al., 2000). An underestimate of LAI at
the KONZ site (Cohen et al., in press) resulted in a much lower
MODIS Ra than the BigFoot Ra estimate and hence a much
higher NPP:GPP. A more comprehensive analysis of MOD17
Ra would include evaluation of the allometric parameters
relating LAI to biomass, something beyond the scope of this
study.
4.2. FPAR inputs to MODIS GPP

The logic for including FPAR in the MODIS GPP algorithm
relates to optimization theory, i.e. that vegetation will only
display as much green biomass as can be efficiently exploited
(Field et al., 1995). Rigorous validation of the MODIS FPAR
product is difficult and has been made in only a few cases,
primarily in ecosystems with low FPAR (Fenshlot et al., 2004;
Myneni et al., 2002). The comparisons here are compromised to
some degree because the BigFoot FPAR estimates were based
on measurements and modeling of LAI and conversion to FPAR
using Beer's Law, thus not accounting for details of canopy
structure and solar geometry. Nevertheless some general
observations may be warranted.

For the purposes of the MODIS GPP algorithm, one of the
most critical points of information derived from the MODIS
FPAR can be the beginning of the growing season. At the end of
the growing season, falling levels of PAR and low temperatures
provide a strong signal for lower GPP that is independent of
FPAR. Both Xiao et al. (2004) and Turner et al. (2005) noted
that the MODIS GPP anticipated the actual rise in GPP in spring
at the HARV site, an effect driven primarily by MODIS FPAR.
A similar anticipation of the growing season was noted by the
MODIS LAI product at a beech forest site (Wang et al., 2005).
The MODIS FPAR and LAI are maximum value composites
over 8 day windows which would tend to shift the spring
greening earlier, however the magnitude of this effect would not
be large. Also, there may be greening of understory herbs in
temperature deciduous forests that would influence the MODIS
FPAR but one would expect GPP to start showing up in the
tower measurements if much green biomass had accumulated.

MODIS GPP also began its spring rise too early at the TUND
site. Measurements with a downward looking radiometer
suggest that the MODIS FPAR at TUND is probably capturing
snow melt-off (Stow et al., 2004), but there is apparently a delay
in photosynthesis until soil thaw has progressed to some degree
(Van Wijk et al., 2003). The MODIS GPP algorithm uses a
simple minimum temperature scalar (Running et al. 2000;
Turner et al., in press) and it may require calibration or
supplemental information about soil temperature to capture
spring startup of photosynthesis at high latitude sites.

At the BigFoot grassland/cropland sites (KONZ, SEVI and
AGRO) there was a spring rise in FPAR that correlated with the
observations, but there was a problem with FPARs outside the
growing season. Values of 0.3 or more were maintained
throughout the year which tended to generate significant GPP
outside the growing season. Significant MODIS FPAR outside
the growing season was also seen at a semi-arid grassland site in
Africa (Fenshlot et al., 2004). It's not clear if this is an issue
with screening for effects of winter snow and clouds or possibly
problems with soil reflectance.

In general, the maximum growing season FPAR from
MODIS was close to the observations. The notable exceptions
were at the open conifer site (METL) and the desert grassland
site (SEVI). These were also the only sites with a significant
proportion of bare ground, which may have complicated the
radiation transfer modeling. MODIS FPAR was also found to be
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overestimated in two other relatively low FPAR sites (Fenshlot
et al., 2004; Huermmrich et al., 2005).

4.3. LUE inputs to MODIS GPP

Studies at eddy covariance flux tower sites have revealed
clear differences between biome types in light use efficiency for
GPP at the daily time step (Turner et al., 2003b). Studies at large
spatial scales using satellite-based APAR and ground-based
statistics on productivity also indicate cover type differences in
LUE (Lobell et al., 2002). These findings support the general
approach in MOD17 of specifying maximum light use
efficiency (eg-max) for each biome. The original parameteriza-
tion of eg-max in MOD17 was based on an analysis of modeled
global terrestrial GPP (Running et al., 2000), and it may be
desirable to adjust parameter values as eg is measured at an
increasing number of flux tower sites.

Across the nine BigFoot sites, the MODIS eg-max appears to
be underestimated in all cases except METL. The most extreme
case is at AGRO where the actual eg is relatively high because
of artificially selected and fertilized crops (Gower et al., 1999;
Suyker et al., 2005). However, even the grassland eg-max is low
relative to the observations at KONZ (Turner et al., 2003b).
There is possibly a high bias in the tower GPP estimates (hence
a high eg) if foliar dark respiration is suppressed during the day
as some have suggested (Wohlfahrt et al., 2005). However, the
magnitude of this effect would be small relative to the
differences in eg seen here.

A related issue is that eg in MOD17 does not respond to
overcast conditions. Observations at flux towers suggest that
there can be saturation of canopy photosynthesis on clear sky
days even at the daily time step (Turner et al., 2003b). Hence,
light use efficiency is highest on overcast days and decreases on
clear sky days. The current eg-max values used in MOD17 appear
to be maxima that would be expected under clear sky
conditions. An alternative formulation of the GPP algorithm
could be envisioned that specified a different eg-max under clear
sky and overcast conditions, then ranged between those values
depending on the degree of cloudiness.

Although it is not regulated by PAR, eg-max is adjusted
downward for unfavorable conditions indicated by extremes of
minimum temperature (Tmin) or VPD (Running et al., 2000).
The Tmin scalar (0–1) is particularly important at high latitudes
and was shown to have helped MOD17 capture interannual
variation in GPP at the NOBS site (Turner et al., in press). Note,
however, that a comparison of tower GPP and MODIS GPP at a
different boreal forest site indicated a possible oversensitivity in
MOD17 to decreasing temperature late in the growing season
(Martel et al., 2005). The VPD scalar was effective at reducing
GPP during a dry period at the SEVI site (Turner et al., 2005)
but appeared to be oversensitive at the HARV site (Turner et al.,
2003a). Leuning et al. (2005) examined the possible benefits of
adding a simple water balance scalar to MOD17 and found it
helped appreciably in a savannah ecosystem. These observa-
tions suggest that the biome-specific parameters that control
sensitivity to Tmin and VPD should be examined at multiple
sites within each biome.
A very general issue with eg-max is that it sometimes varies
significantly over relatively short distances in association with
spatial heterogeneity of the vegetation. The clearest case is at
the AGRO site where the heterogeneity is associated with a mix
of fields growing corn or soybeans (Turner et al., 2002). A given
1-km2 grid cell at AGRO is usually a mixture of crop types
(Cohen et al., 2003a), but the light use efficiency of corn is
significantly higher than that of soybean (Suyker et al., 2005).
At the NOBS site, the black spruce and muskeg (or open black
spruce) cover types occur in close proximity over the landscape.
However, field measurements suggest that light use efficiency is
higher for the black spruce cover type, most likely because of
better drained soils (O'Connell et al., 2003). At the TUND site,
ice wedge polygons create fine scale heterogeneity in micro-
topography (at the scale of meters) which is associated with
differences in NPP (Stow et al., 2004). Thus, the scale
dependence in NPP estimation is an issue in many of the
biomes. Approaches to accommodating this heterogeneity in the
coarse resolution analyses often include carrying over informa-
tion on land cover from finer scale remote sensing (Chen, 1999;
Turner et al., 2002).

4.4. Continued NPP/GPP validation efforts

As this study and that of Heinsch et al. (in press) have shown,
eddy covariance flux tower sites are well suited for validation of
the MODIS GPP product. The flux tower community is
organized globally under the auspices of FLUXNET (Baldocchi
et al., 2001) and regional networks such as AmeriFlux.
Standardized datasets for GPP at the network sites are
increasingly available (Falge et al., 2002; Law et al., 2002).
The fact that a flux tower footprint usually integrates GPP over
mixtures of cover types helps obviate the problem with fine
scale heterogeneity in light use efficiency noted earlier, and
provides a strong rationale for parameterizing eg-max based on
flux tower observations.

It would not be difficult to do a standardized optimization of
the five key parameters in the MOD17 GPP algorithm using
tower GPP data (e.g. Leuning et al., 2005). Comparisons of
these optimized parameters across different sites within a biome
would then be informative with respect to assessing uncertainty
in the MODIS GPP product.

Validation of NPP does not depend on flux tower measure-
ments. However, adding NPP to a standard set of site-level
measurements at flux towers would be very beneficial for the
purposes of MODIS NPP validation. The issues with scaling
NPP over a large enough area to perform comparisons with
MODIS products could be addressed using an approach along
the lines of the BigFoot protocol. NPP measurements are
valuable in their own right at the tower sites because they help
partition ecosystem carbon flux into its components of GPP, Ra,
and heterotrophic respiration (Law et al., 2000). A better
understanding of the ratio of NPP to GPP at tower sites would
lead to new insights on general patterns in NPP:GPP and
progress in modeling NPP.

NPP is probably measured at a wider range of sites globally
than is the case forGPP and it is desirable that thesemeasurements
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be brought to bear on validating theMODISNPP product (Turner
et al., 2004). The Global Terrestrial Observing System (GTOS)
has identified NPP an early test case parameter for global
monitoring and is supporting the compilation of global NPP data
(GTOS, 2005). A significant impetus towards organizing a global
set of sites for MODIS NPP/GPP validation has also been
provided by the Oak Ridge National Laboratory (ORNL)
Distributed Active Archive Center (DAAC). The DAAC web
site (DAAC, 2005) provides a complete suite ofMODIS products
including reflections, spectral vegetation indices, and NPP/GPP
for 7×7 km areas at 26 sites globally (Running et al., 2004). The
intent is that these data be downloaded and used by site-level
researchers in application and testing of NPP models.

Ultimately, it will be desirable to go beyond a limited sample
of validation sites and test the NPP/GPP products at the regional
to global scale (Running et al., 1999). Inverse modeling based on
the spatial and temporal patterns in atmospheric CO2 concen-
tration can provide independent regional and global estimates of
net ecosystem production (the net effect of NPP and heterotro-
phic respiration). If the MODIS NPP/GPP algorithm is coupled
to an Rh algorithm, then MODIS based NEP could be compared
with NEP estimated from inverse modeling.

5. Conclusions

The global GPP and NPP products from the MODIS sensor
provide a new means to monitor the terrestrial biosphere.
Validation efforts are required to establish the effectiveness of
the NPP/GPP algorithm, but significant scaling issues must be
addressed to accomplish a clear juxtaposition of the MODIS
products and ground-based measurements. The BigFoot Project
developed a protocol for addressing many of these scaling issues
and implemented that protocol at 9 sites covering a wide range of
biome types. Results suggest that the MODIS NPP and GPP
products are responsive to general trends in the magnitude of
NPP and GPP associated with local climate and land use, but
tend to be overestimated at low productivity sites and under-
estimated at high productivity sites. Analysis of the meteoro-
logical data inputs, FPAR inputs, and the parameterization of
light use efficiency in MOD17 can provide insights into the site-
specific causes of differences between MODIS and BigFoot
products. Measurements of NPP and FPAR are needed at a wider
range of sites, particularly at eddy covariance flux tower sites, to
achieve a more comprehensive evaluation of the MODIS NPP/
GPP products.

Acknowledgements

This study was supported by the NASA Terrestrial Ecology
Program. Flux tower measurements were funded by the
Department of Energy, the National Oceanic and Atmospheric
Administration, the National Space Agency (NASA) and the
National Science Foundation. Special thanks to all the scientists
and support staff at the flux towers. Site coordinators were S.
Wofsy (Harvard University) at NOBS, HARV, and TAPA,
Tilden Meyers (NOAA) at AGRO, Jay Ham ( Kansas State
University) at KONZ, Walt Oechel (San Diego State Univer-
sity) at TUND, Beverly Law (Oregon State University) at
METL, Eric Small (University of Colorado) at SEVI, and Ken
Davis (The Pennsylvania State University) at CHEQ. Data
available through AmeriFlux, FLUXNET and the ORNL
DAAC Mercury Data System were essential to this study.
References

Amthor, J. S. (2000). The McCree-de Wit-Penning de Vries-Thornley
respiration paradigms: 30 years later. Annals of Botany, 86, 1−20.

Anthoni, P. M., Unsworth, M. H., Law, B. E., Irvine, J., Baldocchi, D. D., &
Moore, D. (2002). Seasonal differences in carbon and water vapor exchange
in young and old-growth ponderosa pine ecosystems. Agricultural and
Forest Meteorology, 111, 203−222.

Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., et al.
(2001). FLUXNET: A new tool to study the temporal and spatial variability
of ecosystem-scale carbon dioxide, water vapor, and energy flux densities.
Bulletin of the American Meteorological Society, 82, 2415−2434.

Berterretche, M., Hudak, A. T., Cohen, W. B., Maiersperger, T. K., Gower, S. T.,
& Dungan, J. L. (2005). Comparison of regression and geostatistical
methods for mapping Leaf Area Index (LAI) with Landsat ETM+ data over a
boreal forest. Remote Sensing of Environment, 96, 49−61.

BigFoot. (2005). http://www.fsl.orst.edu/larse/bigfoot/index.html
Burrows, S. N., Gower, S. T., Clayton, M. K., Mackay, D. S., Ahl, D. E.,

Norman, J. M., et al. (2002). Application of geostatistics to characterize leaf
area index (LAI) from flux tower to landscape scales using a cyclic sampling
design. Ecosystems, 5, 667−679.

Campbell, J. L., Burrows, S., Gower, S. T., Cohen, W. B. (1999). BigFoot:
Characterizing land cover, LAI, and NPP at the landscape scale for EOS/
MODIS validation. Field Manual 2.1. Environmental Sciences Division
Publication 4937. Environmental Sciences Division, Oak Ridge National
Laboratory: Oak Ridge, TN. http://www.daac.ornl.gov/eos_land_val/
BigFoot/index_bigfoot.htm

Chen, J. (1999). Spatial scaling of a remotely sensed surface parameter by
contexture. Remote Sensing of Environment, 69, 30−42.

Cohen, W. B., Maiersperger, T. K., Gower, S. T., & Turner, D. P. (2003). An
improved strategy for regression of biophysical variables and Landsat ETM+
data. Remote Sensing of Environment, 84, 561−571.

Cohen, W. B., Maiersperger, T. K., Turner, D. P., Ritts, W. D., Pflugmacher, D.,
Kennedy, R. E., et al. (in press). MODIS land cover and LAI Collection 4
product quality across nine sites in the western hemisphere. IEEE
Transactions in Geosciences and Remote Sensing.

Cohen, W. B., Maiersperger, T. K., Yang, Z., Gower, S. T., Turner, D. P., Ritts,
W. D., et al. (2003). Comparisons of land cover and LAI estimates derived
from ETM+ and MODIS for four sites in North America: A quality
assessment of 2000/2001 provisional MODIS products. Remote Sensing of
Environment, 88, 233−255.

DAAC. (2005). Search Under “Subsets” and Select “Land Validation Data”.
http://mercury.ornl.gov/ornldaac/

Davis, K. J., Bakwin, P. S., Yi, C., Berger, B. W., Zhao, C., Teclaw, R. M., et al.
(2003). The annual cycles of CO2 and H2O exchange over a northern mixed
forest as observed from a very tall tower. Global Change Biology, 9,
1278−1293.

Falge, E., Baldocchi, E., & Tenhunen, J. (2002). Seasonality of ecosystem
respiration and gross primary production as derived from FLUXNET
measurements. Agricultural and Forest Meteorology, 113, 53−74.

Fenshlot, R., Sandholt, I., & Rasmussen, M. S. (2004). Evaluation of MODIS
LAI, fAPAR and the relation between fAPAR and NDVI in a semi-arid
environment using in situ measurements. Remote Sensing of Environment,
91, 490−507.

Field, C. B., Randerson, J. T., & Malmstrom, C. M. (1995). Global net primary
production: Combining ecology and remote sensing. Remote Sensing of
Environment, 51, 74−88.

Goulden,M. L., Daube,B. C., Fan, S. -M., Sutton,D. J., Bazzaz, A.,Munger, J.W.,
et al. (1997). Physiological responses of a black spruce forest to weather.
Journal of Geophysical Research, 102, 28,987−28,996.

http://www.fsl.orst.edu/larse/bigfoot/index.html
http://www.daac.ornl.gov/eos_land_val/BigFoot/index_bigfoot.htm
http://www.daac.ornl.gov/eos_land_val/BigFoot/index_bigfoot.htm
http://mercury.ornl.gov/ornldaac/


291D.P. Turner et al. / Remote Sensing of Environment 102 (2006) 282–292
Goulden, M. L., Munger, J. W., Fan, S., Daube, B. C., & Wofsy, S. C. (1996).
Measurements of carbon sequestration by long-term eddy covariance:
Methods and a critical evaluation of accuracy. Global Change Biology, 2,
169−182.

Gower, S. T., Kucharik, C. J., & Norman, J. M. (1999). Direct and indirect
estimation of leaf area index, fAPAR and net primary production of
terrestrial ecosystems. Remote Sensing of Environment, 70, 29−51.

GTOS. (2005). http://www.fao.org/gtos/NPP.html
Ham, J. M., & Knapp, A. K. (1998). Fluxes of CO2, water vapor, and energy

from a prairie ecosystem during the seasonal transition from carbon sink to
carbon source. Agricultural and Forest Meteorology, 89, 1−14.

Heinsch F. A., Reeves M., & Bowker C. F. (2003). User's Guide, GPP and NPP
(MOD 17A2/A3) Products, NASA MODIS Land Algorithm. http://www.
forestry.umt.edu/ntsg/

Heinsch, F. A., Zhao, M., Running, S., Kimball, J. S., Nemani, R., Davis, K.,
et al. (in press). Evaluation of remote sensing based terrestrial productivity
from MODIS using regional tower eddy flux network observations. IEEE
Transactions in Geosciences and Remote Sensing.

Huermmrich, K. F., Privette, J. L., Mukelabai, M., Myneni, R. B., &
Knyazikhin, Y. (2005). Time-series validation of MODIS Land biophysical
products in a Kalahari woodland, Africa. International Journal of Remote
Sensing, 26, 4381−4398.

Jarvis, P. G., & Leverenz, J. W. (1983). Productivity of temperate deciduous and
evergreen forests. In O. L. Lange, P. S. Nobel, C. B. Osmond, & H. Ziegler
(Eds.), Ecosystem Processes: Mineral Cycling, Productivity, and Man's
Influence Physiological Plant Ecology, New Series, Vol. 12D (pp. 233–280).
New York: Springer-Verlag.

Justice, C. O., Townshend, J. R. G., Vermote, E. F., Masuoka, E., Wolfe, R. E.,
Saleous, N., et al. (2002). An overview of MODIS Land data processing and
product status. Remote Sensing of Environment, 83, 3−15.

Kimball, J. S., Keyser, A. R., Running, S. W., & Saatchi, S. S. (2000). Regional
assessment of boreal forest productivity using an ecological process model
and remote sensing parameter maps. Tree Physiology, 20, 761−775.

Kurc, S. A., & Small, E. E. (2004). Dynamics of evapotranspiration in semiarid
grassland and shrubland during the summer monsoon season, central New
Mexico. Water Resources Research, 40, Wo9305. doi:doi:10.1029/
2004WR003068.

Kwon, H., Oechel, W. C., & Zulueta, C. (in press). The patterns of and controls
on intra- and inter-seasonal variability in net ecosystem CO2 exchange over
the wet sedge tundra ecosystem. Journal of Geophysical Research.

Larigauderie, A., & Korner, C. (1995). Acclimation of leaf dark respiration to
temperature in alpine and lowland plant species.Annals of Botany, 76, 245−252.

Law, B. E., Falge, E., Gu, L., Baldocchi, D., Bakwin, P., Berbigier, P., et al.
(2002). Environmental controls over carbon dioxide and water vapor
exchange of terrestrial vegetation. Agricultural and Forest Meteorology,
113, 97−120.

Law, B. E., Waring, R. H., Anthoni, P. M., & Aber, J. D. (2000). Measurements
of gross and net ecosystem productivity and water vapor exchange of a
Pinus ponderosa ecosystem, and an evaluation of two generalized models.
Global Change Biology, 6, 155−168.

Leuning, R., Cleugh, H. A., Zegelin, S. J., & Hughes, D. (2005). Carbon and
water fluxes over a temperate Eucalyptus forest and a tropical wet/dry
savanna in Australia: Measurements and comparison with MODIS remote
sensing estimates. Agricultural and Forest Meteorology, 129, 151−173.

Lobell, D. B., Hicke, J. A., Asner, G. P., Field, C. B., Tucker, C. J., & Los, S. O.
(2002). Satellite estimates of productivity and light use efficiency in United
States agriculture, 1982–98. Global Change Biology, 8, 722−735.

Martel, M., Margolis, H., Coursolle, C., Bigras, F., Heinsch, F. A., & Running, S.
(2005). Decreasing photosynthesis at different spatial scales during the late
growing season on a boreal cutover. Tree Physiology, 25, 689−699.

Meyers, T. P., & Hollinger, S. E. (2004). An assessment of storage terms in the
surface energy balance of maize and soybean. Agricultural and Forest
Meteorology, 125, 105−115.

Morisette, J. T., Privette, J. L., & Justice, C. O. (2002). A framework for the
validation of MODIS land products. Remote Sensing of Environment, 83,
77−96.

Myneni, R., Hoffman, R., Knyazikhin, Y., Privette, J., Glassy, J., & Tian, H.
(2002). Global products of vegetation leaf area and fraction absorbed PAR
from one year of MODIS data. Remote Sensing of Environment, 76,
139−155.

Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M., Piper, S. C., et al.
(2003). Climate-driven increases in global terrestrial net primary production
from 1982 to 1999. Science, 300, 1560−1563.

O'Connell, K. E., Gower, S. T., & Norman, J. M. (2003). Comparison of net
primary production and light-use dynamics of two boreal black spruce forest
communities. EcoSystems, 6, 236−247.

ORNL. (2005). http://daac.ornl.gov/BIGFOOT_VAL/gpp_npp_summaries.
html. Alternatively http://mercury.ornl.gov/ornldaac/. Search under “Big-
Foot”. Under “Land Validation Data” go to “GPP NPP Summaries”.

Running, S. R., Baldocchi, D. D., Turner, D. P., Gower, S. T., Bakwin, P. S., &
Hibbard, K. A. (1999). A global terrestrial monitoring network integrating
tower fluxes, flask sampling, ecosystem modeling and EOS satellite data.
Remote Sensing of Environment, 70, 108−128.

Running, S. W., & Hunt Jr., E. R. (1993). Generalization of a forest ecosystem
process model for other biomes, BIOME-BGC, and an application for
global scale models. In J. R. Ehleringer & C. Field (Eds.), Scaling
Physiological Processes Leaf to Globe (pp. 141−158). San Diego, CA:
Academic Press.

Running, S. W., Nemani, R. R., Heinsch, F. A., Zhao, M., Reeves, M., &
Hashimoto, H. (2004). A continuous satellite-derived measure of global
terrestrial production. BioScience, 54, 547−560.

Running, S. W., Thornton, P. E., Nemani, R., & Glassy, J. M. (2000). Global
terrestrial gross and net primary productivity from the Earth Observing
System. In O. E. Sala, R. B. Jackson, H. A. Mooney, & R. W. Howarth
(Eds.), Methods in Ecosystem Science (pp. 44−57). New York: Springer-
Verlag.

Ryan, M. G., Lavigne, M. B., & Gower, S. T. (1997). Annual carbon cost of
autotrophic respiration in boreal forest ecosystems in relation to species and
climate. Journal of Geophysical Research, 102, 28,871−28,884.

Saleska, S. R., Miller, S. D., Matross, D. M., Goulden, M. L., Wofsy, S. C.,
da Rocha, H. R., et al. (2003). Carbon in Amazon Forests: Unexpected
seasonal fluxes and disturbance-induced losses. Science, 302, 1554−1557.

Saugier, B., Roy, J., & Mooney, H. A. (2001). Estimations of global terrestrial
productivity: Converging toward a single number. In J. Roy, B. Saugier, &
H. A. Mooney (Eds.), In Terrestrial Global Productivity (pp. 543−557). San
Diego, CA: Academic Press.

Stow, D. A., Hope, A., McGuire, D., Verbyla, D., Gamon, J. A., Huemmrich, R.,
et al. (2004). Remote sensing of vegetation and land-cover change in arctic
tundra ecosystems. Remote Sensing of Environment, 89, 281−308.

Suyker, A. E., Verma, S. B., Burba, G. G., & Arkebauer, T. J. (2005). Gross
primary production and ecosystem respiration of irrigated maize and
irrigated soybean during a growing season. Agricultural and Forest
Meteorology, 131, 180−190.

Turner, D. P., Gower, S. T., Cohen, W. B., Gregory, M., & Maiersperger, T. K.
(2002). Effects of spatial variability in light use efficiency on satellite-based
NPP monitoring. Remote Sensing of Environment, 80, 397−405.

Turner, D. P., Ollinger, S., Smith, M. L., Krankina, O., & Gregory, M. (2004).
Scaling net primary production to a MODIS footprint in support of Earth
Observing System Product Validation. International Journal of Remote
Sensing, 25, 1961−1979.

Turner, D. P., Ritts, W. D., Cohen,W. B., Gower, S. T., Zhao,M., Running, S.W.,
et al. (2003). Scaling gross primary production (GPP) over boreal and
deciduous forest landscapes in support of MODIS GPP product validation.
Remote Sensing of Environment, 88, 256−270.

Turner, D. P., Ritts, W. D., Cohen, W. B., Maeirsperger, T., Gower, S. T.,
Kirschbaum, A., et al. (2005). Site-level evaluation of satellite-based global
terrestrial gross primary production and net primary production monitoring.
Global Change Biology, 11, 666−684.

Turner, D., Ritts, W., Zhao, M., Kurc, S. A., Dunn, A., Wolfsy, S., et al. (in
press). Assessing interannual variation in MODIS-based estimates of gross
primary production. IEEE Transactions in Geosciences and Remote Sensing.

Turner, D. P., Urbanski, S., Wofsy, S. C., Bremer, D. J., Gower, S. T., & Gregory,
M. (2003). A cross-biome comparison of light use efficiency for gross
primary production. Global Change Biology, 9, 383−395.

Van Wijk, M. T., Williams, M., Laundre, J. A., & Shaver, G. R. (2003).
Interannual variability of plant phenology in tussock tundra: Modelling

http://www.fao.org/gtos/NPP.html
http://www.forestry.umt.edu/ntsg/
http://www.forestry.umt.edu/ntsg/
http://dx.doi.org/10.1029/2004WR003068
http://dx.doi.org/10.1029/2004WR003068
http://daac.ornl.gov/BIGFOOT_VAL/gpp_npp_summaries.html
http://daac.ornl.gov/BIGFOOT_VAL/gpp_npp_summaries.html
http://mercury.ornl.gov/ornldaac/


292 D.P. Turner et al. / Remote Sensing of Environment 102 (2006) 282–292
interactions of plant productivity, plant phenology, snowmelt and soil thaw.
Global Change Biology, 9, 743−758.

Wang, Q., Tenhunen, J., Dinh, N. Q., Reichstein, M., Otieno, D., Granier, A., et
al. (2005). Evaluation of seasonal variation of MODIS derived leaf area
index at two European deciduous broadleaf forest sites. Remote Sensing
Environment, 96, 475−484.

White, M. A., Thornton, P. E., Running, S. W., & Nemani, R. R. (2000).
Parameterization and sensitivity analysis of the BIOME-BGC terrestrial
ecosystem model: Net primary production controls. Earth Interactions, 4,
1−85.

Wofsy, S. C., Goulden, M. L, Munger, J. W., Fan, S. -M., Bakwin, P. S., Daube,
B. C., et al. (1993). Net exchange of CO2 in a mid-latitude forest. Science,
260, 1314−1317.

Wohlfahrt, G., Bahn, M., Haslwanter, A., Newesely, C., & Cernusca, A. (2005).
Estimation of daytime ecosystem respiration to determine gross primary
production of a mountain meadow. Agricultural and Forest Meteorology,
130, 13−25.
Wythers, K. R., Reich, P. B., Tjoelker, M. G., & Bolstad, P. B. (2005). Foliar
respiration acclimation to temperature and temperature variable Q(10) alter
ecosystem carbon balance. Global Change Biology, 11, 435−499.

Wythers, K. R., Reich, P. B., & Turner, D. P. (2003). Predicting leaf area index
from scaling principles: Corroboration and consequences. Tree Physiology,
23, 1171−1179.

Xiao, X., Zhang, Q., Braswell, B. H., Urbanski, S., Boles, S., Wofsy, S. C., et al.
(2004). Modeling gross primary production of temperate deciduous
broadleaf forest using satellite images and climate data. Remote Sensing of
Environment, 91, 256−270.

Zhao, M., Heinsch, F. A., Nemani, R. R., & Running, S. W. (2005).
Improvements of the MODIS terrestrial gross and net primary production
global data set. Remote Sensing of Environment, 95, 164−176.

Zhao, M., Running, S. W., & Nemani, R. R. (2006). Sensitivity of Moderate
Resolution Spectroradiometer (MODIS) terrestrial primary production to the
accuracy of meteorological reanalyses. Journal of Geophysical Research,
111. doi:doi:10.1029/2004JGR00004.

http://dx.doi.org/10.1029/2004JGR00004

	Evaluation of MODIS NPP and GPP products across multiple biomes
	Introduction
	Methods
	Overview
	MODIS NPP/GPP products
	BigFoot NPP/GPP products
	MODIS/BigFoot comparisons

	Results
	Discussion
	Cross-site patterns in NPP/GPP comparisons
	FPAR inputs to MODIS GPP
	LUE inputs to MODIS GPP
	Continued NPP/GPP validation efforts

	Conclusions
	Acknowledgements
	References


